Cysteamine induces perforating duodenal ulcers in rats within 24 -48 h. This reducing aminothiol generates hydrogen peroxide in the presence of transition metals (e.g., ferric iron), producing oxidative stress, which may contribute to organ-specific tissue damage. Since most intestinal iron absorption takes place in the proximal duodenum, we hypothesized that cysteamine may disrupt regulation of mucosal iron transport, and iron may facilitate cysteamine-induced duodenal ulceration. We show here that cysteamine-induced ulceration was aggravated by pretreatment of rats with Fe 3ϩ or Fe 2ϩ compounds, which elevated iron concentration in the duodenal mucosa. In contrast, feeding rats an iron-deficient diet was associated with a 4.6-fold decrease in ulcer formation, accompanied by a 34% decrease (P Ͻ 0.05) in the duodenal mucosal iron concentration. Administration of deferoxamine inhibited ulceration by 65%. We also observed that the antiulcer effect of H2 receptor antagonist cimetidine included a 35% decrease in iron concentration in the duodenal mucosa. Cysteamine-induced duodenal ulcers were also decreased in iron-deficient Belgrade rats (P Ͻ 0.05). In normal rats, cysteamine administration increased the iron concentration in the proximal duodenal mucosa by 33% in the preulcerogenic stage but at the same time decreased serum iron (P Ͻ 0.05). Cysteamine also enhanced activation of mucosal iron regulatory protein 1 and increased the expression of divalent metal transporter 1 mRNA and protein. Transferrin receptor 1 protein expression was also increased, although mucosal ferroportin and ferritin remained almost unchanged. These results indicate an expansion of the intracellular labile iron pool in the duodenal mucosa, increasing its susceptibility to oxidative stress, and suggest a role for iron in the pathogenesis of organ-specific tissue injury such as duodenal ulcers.
DUODENAL ULCER DISEASE AFFECTS 5-10% of the US population at least once in their lives, and this form of "peptic ulcer" is two to four times more prevalent than gastric ulcer (13, 56) . Although a strong association has been established between duodenal ulcers and Helicobacter pylori infection, the molecular mechanisms of ulcer development and healing remain poorly understood. Animal models of duodenal ulcer disease have provided valuable insights into the early, preulcerogenic events and subsequent cellular and biochemical changes that take place in the pathogenesis of duodenal ulceration. Most of this research has been based on ulcer induction using cysteamine (HS-CH2-CH2-NH2, ␤-mercaptoethylamine), which produces perforating ulcers in the rat proximal duodenum within 24 -48 h (54, 57, 60) .
Cysteamine is a low-molecular-weight aminothiol that is broadly distributed in organisms ranging from Drosophila to humans (43) . Cysteamine is a natural product of coenzyme A metabolism (45) . Cysteamine is generated when pantetheinase (which is encoded by the Vanin-1 gene), hydrolyzes pantetheine, thereby recycling pantothenate (vitamin B5) and releasing cysteamine (16) . A lack of detectable free cysteamine in the small intestinal mucosa in Vanin-1-null mice appears to provide resistance to oxidative stress (48) . These animals are protected against nonsteroidal anti-inflammatory drug-and irradiation-induced intestinal mucosal injury (5, 42) .
The molecular mechanisms whereby cysteamine induces duodenal ulceration are incompletely understood. Previous studies from our laboratory demonstrated that cysteamine reduced somatostatin bioavailability and markedly elevated serum gastrin levels, with an associated increase in gastric acid secretion (41, 61, 62) , significantly decreased neutralization of acid in the proximal duodenum (2) , decreased dopamine levels in glandular stomach and duodenum (59) , and inhibited gastric emptying and motility (40) . It is also known that certain transcription factors (e.g., early growth response factor 1, hypoxia-inducible factor 1␣) and their target genes play a key role in the pathogenesis of cysteamine-induced duodenal ulcers (35, 36) , but the complete mechanism of cysteamine-induced duodenal ulceration is still not clear.
In vitro studies have demonstrated that the cytotoxic effect of cysteamine depends primarily on the generation of H 2 O 2 in the presence of transition metals (M n ) such as Fe 3ϩ (6, 11, 63 ). The thiol-derived H 2 O 2 reacts with the reducing transition metals to produce hydroxyl radicals via the Fenton reaction. These radicals are likely the final mediators of cysteamine cytotoxicity (28, 33) , as evidenced by the fact that the effect of cysteamine is diminished by catalase (29) . Our previous studies demonstrated that catalase inhibited cysteamine-induced duodenal ulcer in rats (34) . Cysteamine also promotes focal intracellular accumulations of iron, which may exacerbate its cytotoxic effects (20, 53, 68) . It is not clear, however, whether such iron accumulations have a role in the pathogenesis of cysteamine-induced tissue damage although iron is inherently toxic as a result of its propensity for promoting oxidation through the Fenton reaction (27) .
To protect cells from the potentially damaging effects of iron excess, eukaryotes have developed unique mechanisms for the regulation of iron uptake and transport (14) . In mammalian cells, iron homeostasis is mediated through binding of iron regulatory protein 1 and 2 (IRP1 and 2) to RNA stem-loop structures called iron-responsive elements (IREs) in transcripts encoding proteins involved in iron metabolism (39, 51) . In iron-depleted cells, these proteins bind to IREs in the 3Ј-untranslated region of transferrin receptor 1 (TfR1) mRNA and in the 5Ј-untranslated region of ferritin mRNA, thus stabilizing the TfR1 message and inhibiting ferritin synthesis (4, 30, 38, 47) . It is noteworthy that cysteamine-induced ulceration in rats occurs mainly in the proximal duodenum, within 10 mm of the pylorus, at the same site where most intestinal iron absorption takes place. The epithelial cell layer of the proximal duodenum is specialized for the uptake and transport of iron from the intestinal lumen to the systemic circulation (17, 69) . This raises the question whether the availability of dietary iron within the enterocytes of the proximal duodenum during iron absorption may play a role in ulcerogenesis induced by chemicals such as cysteamine. Iron uptake at the brush border is mediated by divalent metal transporter 1 (DMT1, also known as Nramp2 or DCT1), which transports Fe 2ϩ and other divalent metals (25) . DMT1 is encoded by the Slc11a2 gene, which is mutated in the mk mouse strain and in Belgrade rats (19, 50) . Mutations in these rodents disrupt DMT1-mediated iron uptake, and animals homozygous for the mutated gene suffer from iron deficiency anemia as a result of impaired intestinal iron absorption (19) . The major DMT1 mRNA isoform expressed in the intestine contains an IRE in the 3Ј-untranslated region and is negatively regulated by iron through inactivation of IRP1 (24) . In response to a reduction in dietary iron, upregulation of DMT1 (IRE) takes place in the microvilli of the proximal duodenum (10, 55) . Iron transport across the basolateral membrane of the enterocyte to the systemic circulation is dependent on another IRE-containing transcript, ferroportin, although its regulation is more complex (15, 23) . IRPs are also subject to regulation by additional, iron-independent signals such as nitric oxide, hypoxia, and oxidative stress, including H 2 O 2 generation (9, 18, 32, 44, 66) .
We hypothesized that 1) the duodenal ulcerogen cysteamine may increase iron availability within the duodenal mucosa through enhancement of IRE binding by IRPs, thereby stabilizing DMT1 and TfR transcripts and 2) pharmacological and dietary modulation of the duodenal mucosal iron level might affect the severity of cysteamine-induced duodenal ulcers, essentially implicating iron in the pathogenesis of duodenal ulceration and providing the first mechanistic explanation for the localization of tissue injury after systemic administration of duodenal ulcerogens such as cysteamine.
MATERIALS AND METHODS
Animal experiments. This study was approved by the Subcommittee for Animal Studies and the Research and Development Committee of VA Long Beach Healthcare System. Female Sprague-Dawley rats (180 -210 g) were maintained on standard laboratory rat chow (Harlan Teklad Rodent Diet, 8604, 150 -250 ppm Fe; Harlan Teklad, Madison, WI). Rats had unlimited access to food and water. Duodenal ulcers were induced by intragastric administration of cysteamine-HCl (Sigma-Aldrich, St. Louis, MO). Randomized groups of rats (n ϭ 7) were given either saline or cysteamine-HCl in saline (25 mg/100 g body wt) by gavage once and euthanized 0.5, 1, or 2 h later. In other groups, cysteamine was given twice or three times at 4-h intervals and rats were euthanized 6, 12, or 24 -48 h after the first dose of cysteamine.
Other groups of rats were pretreated 15 min before each dose of cysteamine with either FeSO4 (20 mg Fe/100 g) or FeCI3 (20 mg/100 g) by gavage or were given ferric gluconate (1 or 5 mg/100 g) intravenously under isoflurane anesthesia or deferoxamine (30 mg/ 100 g) subcutaneously 30 min before cysteamine administration and euthanized 48 h after the first dose of cysteamine. Additional groups of rats were placed on a low-iron (2-8 ppm Fe) diet (TD 80396, Harlan Teklad) for 4 wk (chronic experiments), and then animals were treated with cysteamine-HCl (25 mg/100 g by gavage ϫ 3 doses within 8 h). The next groups of rats were pretreated with cimetidine (20 mg/100 g, by gavage) 3 and 0.5 h before cysteamine, and animals were euthanized 3 h or 48 h after the first cysteamine dose. We also compared duodenal ulceration after cysteamine administration in groups of homozygous (b/b) and heterozygous (ϩ/b) Belgrade rats (12 mo old) and Sprague-Dawley control rats of similar age. Belgrade rats were purchased from Drs. L. and M. Garrick, State University of New York, Buffalo, NY.
At autopsy 48 h after first cysteamine administration, rat blood specimens were obtained from the abdominal aorta with a 19-gauge needle, placed in BD Vacutainer tubes (BD Biosciences, Franklin, NJ), and centrifuged at 1,300 g for 10 min to separate serum. Mucosal scrapings of proximal duodenum (2.5 cm), stomach, and jejunum (3 cm) and samples of other organs (liver, kidney) were collected and frozen in liquid nitrogen and kept at Ϫ80°C until required. RNA extraction and purification were performed using a total RNA isolation kit (Clontech Laboratory, Palo Alto, CA). For protein extraction, tissue specimens were homogenized in lysis buffer (2 M NaCl, 10 mM Tris ⅐ HCl, pH 7.4) with protein inhibitors (1 mM PMSF, 1 g/ml leupeptin, and 1 g/ml aprotinin; Sigma), sonicated, and centrifuged for 30 min at 16,000 g. Protein concentration was measured by the Bradford assay (Bio-Rad Laboratories, Hercules, CA). Iron concentration was measured in the tissue from different organs, which were homogenized in lysis buffer and centrifuged for 30 min at 16,000 g. Serum iron and gastric, duodenal, jejunal, ileum, colonic, kidney, and hepatic iron concentrations were measured spectrophotometrically with a Roche/Hitachi 917 analyzer using FerroZine (Roche Diagnostics, Indianapolis, IN), and the results of iron concentration in tissue were expressed as g/g wet weight. In vitro experiments with gastric homogenates and the addition of increased concentration of cysteamine confirmed that cysteamine did not interfere with ascorbate/ferrozine in this colorimetric method. Tissue ferritin measurements were performed on a Bayer Centaur analyzer by immunochemiluminescence (Bayer Diagnostics, Tarrytown, NY).
Gross and histological evaluation of duodenal ulcers. The duodenal ulcer crater dimensions were measured in millimeters, and the ulcer areas were calculated using the ellipsoid formula. The opened stomachs with 2.5 cm duodenum were fixed in 10% formalin. Sections were embedded in paraffin and stained with hematoxylin and eosin.
Determination of IRP binding activity by EMSA. 32 P -labeled RNA containing an IRE was prepared by in vitro transcription of a linearized duodenal ferritin H cDNA clone (gift of Dr. E. Leibold). Transcription was carried out in a reaction mixture containing 1.5 mM each of ATP, GTP, and CTP and 50 Ci [ 32 P]UTP with T7 RNA polymerase. The [ 32 P]UTP-labeled probe was purified by urea gel electrophoresis. Aliquots of cytoplasmic extracts containing 20 g protein (prepared as described above) were added to a reaction mixture containing 10 mM HEPES, 3 mM MgCl 2, 40 mM KCl, 5% glycerol, and 1 ϫ 10 5 cycles/min 32 P-RNA probe, without or with the addition of 2% ␤-mercaptoethanol to fully activate IRP1 (31) . After 10 min of incubation at room temperature, RNase T1 (1 U/reaction) and heparin (5 mg/ml) were added to the reaction mix, and the incubation was continued for 15 min to degrade unbound probe and displace nonspecific protein-RNA interaction. Protein-RNA complexes were resolved by 6% nondenaturing PAGE and exposed on X-ray film for 10 -24 h.
RNase protection assay. Assays were performed on total RNA using riboprobes corresponding to the cDNA sequences for DMT1 (IRE) (GenBank accession no. nt 1413-1628, AF029757) and GAPDH (nt 536 -691, AF106860). Riboprobe synthesis was performed using the Riboprobe Combination System SP6/T7 polymerase kit (Promega, Madison, WI) according to the manufacturer's instructions. Each transcription contained 17.5 M cold UTP and 50 Ci [ 32 P]UTP (3,000 Ci/mmol; NEN Life Science Products, Boston, MA). After synthesis, the template was digested with 1 U RQ RNase-free DNase 1 (Promega), and the riboprobe was purified by urea gel electrophoresis. The RNA samples (20 g) were hybridized overnight with 10 5 cycles/min of each probe at 45°C in 50 l of hybridization buffer (40 mM PIPES, pH 6.4, 400 mM NaCl, 1 mM EDTA, and 80% formamide). After hybridization, the unprotected RNA was digested by the addition of 350 l of RNase digestion buffer (10 mM Tris ⅐ HCl, pH 7.5, 300 mM NaCl, and 5 mM EDTA) containing 80 g/ml of RNase A and 80 U/ml RNase T1 and incubated at 37°C for 1 h. The reaction was stopped by the addition of 10 l of 20% SDS and 2.5 l of 10 mg/ml of proteinase K and incubation at 37°C for 15 min. The reactions were extracted with phenol-chloroform-isoamyl alcohol (25: 24:1) and precipitated with ethanol. The pellet was resuspended in 5 l of loading buffer (80% formamide, 15% glycerol, and 0.25% bromophenol blue) and electrophoresed on a 6% polyacrylamide-50% urea gel for 4 h at 200 V. After electrophoresis, the gel was dried and exposed to X-ray film for 2-96 h.
Western blot. Proteins (50 or 100 g) were subjected to SDS-PAGE after dissociation by boiling (5 min) in 2ϫ SDS-sample loading buffer (0.125 M Tris ⅐ HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.05% bromophenol blue). TfR1, DMT1, and ferritin were analyzed using 7.5%, 10%, and 15% SDS-PAGE, respectively. After electrophoresis, proteins were transferred to nitrocellulose membranes. The membranes were incubated with a mouse monoclonal antibody to either TfR1 (Zymed Laboratories, San Francisco, CA), rabbit polyclonal antibodies to DMT1 (with IRE), ferroportin (Alpha Diagnostic International, San Antonio, TX), or H-and L-ferritin subunits (Santa Cruz Biotechnology, Santa Cruz, CA). The membranes were then incubated with secondary antibodies (horseradish peroxidase-labeled anti-mouse or goat anti-rabbit IgG), which were visualized using the ECL detection system (Amersham Biosciences, Pittsburgh, PA). Immunoblot analyses were performed at least five times with each protein to assure the reproducibility of results. The density of protein bands on Western blots was assessed by digital imaging (Eagle EYE 11; Stratagene, La Jolla, CA).
Statistical analysis. The statistical significance of changes was determined by the Mann-Whitney U-test. Differences resulting in a P value Ͻ0.05 were considered to be statistically significant.
RESULTS

Effect of an iron-deficient diet or pretreatment of rats with deferoxamine, ferric or ferrous iron, or ferric gluconate on cysteamine-induced duodenal ulcers.
Cysteamine-induced duodenal ulcers were markedly decreased in size (threefold) in rats pretreated with deferoxamine compared with control rats, whereas Fe 2ϩ (as FeSO 4 ) or Fe 3ϩ (as FeCl 3 ) aggravated duodenal ulceration by 2.2-and 1.7-fold, respectively (Fig. 1, A and B) . Pretreatment of anesthetized animals with ferric gluconate in a dose of 5 mg/100 g body wt, but not 1 mg/100 g, significantly increased (37%) cysteamine-induced duodenal ulceration; the anesthesia alone had no effect on ulcer size (Fig. 1C) . Duodenal ulceration in iron-deficient animals treated with cysteamine was reduced 4.6-fold compared with controls (Fig. 1B) .
Effect of an iron-deficient diet or pretreatment of rats with ferric gluconate on iron concentration in duodenal mucosa and serum.
Rats fed a low-iron diet had a 34% decrease in the serum iron concentration compared with control rats maintained on an iron-replete diet, and this was accompanied by a similar decrease in the iron concentration in the duodenal mucosa (P Ͻ 0.05; Fig. 2, A and B) . The decrease in duodenal iron concentration correlated with the diminished cysteamineinduced duodenal ulcers in iron-deficient animals. The lowiron diet had no effect on gastric iron concentration (Fig. 2 C) . Body weight of animals fed low-iron diet was similar to control animals fed the iron-replete diet. At 48 h after cysteamine administration, at a time when ulcers had formed, in both iron-deficient animals and in animals fed a normal diet, cysteamine produced a decrease in the serum iron and the duodenal mucosal iron concentration. , Fe ϩ2 ) or decreased iron levels. A: gross appearance of duodenal ulcers 48 h after cysteamine administration. Animals were pretreated with saline (n ϭ 7), FeSO4 (n ϭ 10), or deferoxamine (n ϭ 10) 15 min before each dose of cysteamine. B: duodenal ulcer size was scored 48 h after cysteamine in animals pretreated with saline, FeCl3, FeSO4, or deferoxamine or fed an iron-deficient diet (chronic experiments, n ϭ 5). The duodenal ulcer crater dimensions were measured in millimeters, and the ulcer areas were calculated using the ellipsoid formula. C: aggravation of duodenal ulcers by ferric gluconate. Duodenal ulcers were compared without and with anesthesia by isoflurane inhalation. Saline and ferric gluconate injections were given intravenously (i.v.) 30 min before cysteamine administration. Results are expressed as means Ϯ SE (*P Ͻ 0.01, n ϭ 5).
Pretreatment of rats with ferric gluconate (5 mg/100 g), which aggravated cysteamine-induced duodenal ulcers, almost doubled the serum iron concentration and increased (by 63%) iron concentration in the duodenal mucosa 6 h after cysteamine administration (Fig. 3, A and B) . Ferric gluconate in dose of 1 mg/100 g, which did not change cysteamine-induced duodenal ulcers, did not affect serum and duodenal iron concentration.
The antiulcer drug cimetidine, a histamine H2 receptor antagonist, decreased iron concentration in the duodenal mucosa. Previous studies from our laboratory and others demonstrated that cysteamine increased the gastric acid secretion in rats and that cimetidine inhibited cysteamine-induced gastric acid secretion and decreased cysteamine-induced duodenal ulcers (21, 58, 64) . Now we again pretreated animals with cimetidine (20 mg/100 g) at 3 and 0.5 h before cysteamine and demonstrated a 4.5-fold decrease in duodenal ulcers (Fig. 4A) . Cimetidine alone or together with cysteamine decreased the serum iron concentration by 48% 3 h after cysteamine administration (Fig. 4B) . At the same time, cimetidine also diminished iron concentration by 35% (P Ͻ 0.05) in the proximal duodenal mucosa of rats treated with cysteamine (Fig. 4C) . These measurements were performed 3 h after cysteamine administration on the basis of our previous studies of the time-course of the inhibitory effect of cimetidine on gastric acid secretion (58) .
Iron concentrations in the proximal duodenum, jejunum, ileum, and colon. Our results demonstrated a correlation of cysteamine-induced ulceration in the proximal duodenum with iron concentration in the proximal duodenum; iron pretreatment of rats increased both iron concentration in proximal duodenum and ulcer formation; the iron-deficient diet decreased both duodenal iron and ulcers; and finally cimetidine decreased duodenal iron concentration and protected duodenal mucosa from ulcerative effects of cysteamine. Since most iron absorption takes place in the proximal duodenum and this function gradually decreases from duodenum to colon (70)
.
Early effect of cysteamine on iron concentration in serum and duodenal, gastric, and jejunal mucosa, as well as liver and kidney in the preulcerogenic stage of duodenal ulceration. Cysteamine administration increased the iron concentration of the proximal duodenal mucosa by 25-33% during the preul- Fig. 3 . Treatment of anesthetized rats with ferric gluconate (5 mg/100 g) 0.5 h before cysteamine increased serum iron concentration (A) and iron concentration in the proximal duodenum (B) vs. animals treated with cysteamine only, without anesthesia (first column) and anesthetized rats pretreated with saline (i.v.) or ferric gluconate (1 mg/100 g); *P Ͻ 0.05, n ϭ 5 for each group. Fig. 2 . Comparison of the iron concentrations in serum and duodenal mucosa of rats fed with either an iron-replete diet or a low-iron diet for 4 wk before cysteamine treatment. A: serum iron concentration 48 h after saline or cysteamine administration in rats fed with iron-replete or irondeficient diets. B: decreased iron concentration in 2.5 cm of ulcerated duodenal mucosa 48 h after cysteamine in rats fed iron-replete or iron-deficient diets compared with saline treated animals (*P Ͻ 0.05, n ϭ 5 for each group). C: iron concentration in gastric mucosa did not change in animals fed a low-iron diet or an iron-replete diet. cerogenic stage. A statistically significant increase was observed at time points from 0.5 to 12 h after treatment (Fig. 5A) , followed by a decrease in the iron content below baseline by 24 h, at which time ulcer formation had occurred. Over the same time course, the iron concentration in the serum decreased during the first 0.5-6 h after cysteamine administration, followed by a return to baseline at 12 h and a subsequent marked decrease by the time of ulcer formation at 24 h (Fig.  5B) . There was also a trend toward a slightly higher iron concentration in the liver 0.5 to 12 h after treatment, but the difference was not significant compared with saline-treated control animals. The iron concentrations in the stomach and jejunum initially were much lower than in the duodenum, and cysteamine administration did not induce any significant change in the iron concentration in stomach, jejunum, or kidney at any time point (Fig. 5C) .
IRP1 activity in the duodenal mucosa in the preulcerogenic stage of duodenal ulceration following cysteamine administration. Previously we demonstrated that cysteamine (␤-mercaptoethylamine) as a reducing agent may decrease the redox potential in the proximal duodenum in early stages of duodenal ulceration but not in gastric mucosa (34) . It is known that reducing agents (e.g., ␤-mercaptoethanol) increase the functional activity of IRP1 (31) . This raises the possibility that changes in redox potential in the duodenal mucosa may affect IRP-IRE binding by reduction of sulfhydryl groups and disassembly of the 4Fe-4S cluster of IRP1. To examine whether cysteamine may affect IRP1 activity, we assessed IRE binding by IRP1 using EMSA (Fig. 6A ). There was a marked increase in IRP1-IRE binding in cysteamine-treated rats during the preulcerogenic stage at 6 h (after two doses of cysteamine), and this was further enhanced at 12 h (after three doses of cysteamine), reaching a level at least 10-fold higher than in saline-treated rats. By 12 h, IRP1 was essentially completely activated compared with the amount of fully activated IRP1, demonstrated by the addition of ␤-mercaptoethanol. In addition, the total amount of IRP1 visualized in the presence of ␤-mercaptoethanol was also increased at 6 h, and a further increase was observed at 12 h, indicating increased IRP1 expression (Fig. 6A) .
DMT1 and TfR1 expression in the duodenal mucosa after cysteamine administration. It is known that IRP1 binds with high affinity to the DMT1 (IRE form), and DMT1 mRNA is regulated through stabilization by the IRE/IRP system, in 4 . Effect of the histamine H2 receptor antagonist cimetidine on cysteamine-induced duodenal ulcers. A: cimetidine inhibited cysteamineinduced duodenal ulcers. The rats were pretreated with cimetidine 3 and 0.5 h before cysteamine and euthanized 3 h or 48 h after the first cysteamine dose. B: cimetidine decreased serum iron concentration alone or with cysteamine-vs. only saline-treated animals (3 h after cysteamine administration). C: cimetidine given to rats before cysteamine decreased iron concentration in the proximal duodenum vs. saline-or cysteamine-treated rats (3 h after cysteamine administration). Results are expressed as means Ϯ SE (*P Ͻ 0.01, n ϭ 5 for each group).
analogy to TfR mRNA. Thus we next determined whether cysteamine-induced IRP1 activity may affect DMT1 mRNA and protein expression.
The effect of cysteamine on the expression of DMT1 (IRE form) mRNA was assessed by RNase protection assay. DMT1 mRNA expression increased at 0.5, 2, and 12 h after administration, with the greatest enhancement occurring 2 h after cysteamine treatment (Fig. 6B) . Although cysteamine did not alter duodenal mucosal DMT1 protein expression at 2 h after the first dose, the DMT1 protein level began to increase at 6 h (after two doses of cysteamine) and reached a maximum of 3.5-4.0-fold at 12 and 24 h after cysteamine treatment (Fig.  6C) . Cysteamine treatment of rats induced a time-and dosedependent increase in TfR1 expression at 6 h (after two doses of cysteamine). At 12 h (after three doses of cysteamine) and at 24 h after the first dose of cysteamine, TfR1 expression was enhanced more than 50% compared with saline-treated animals (Fig. 6D) .
Effect of cysteamine on expression of ferroportin and ferritin in the duodenal mucosa. Ferroportin protein expression in duodenal mucosa did not change significantly after treatment of rats with cysteamine. Slight increases in ferroportin expression were seen only at 6 and 12 h after cysteamine treatment (Fig. 7A) . The mean ferritin concentration in the duodenal mucosa was slightly reduced during the early preulcerogenic stages (up to 2 h) and increased during later stages, but these changes were not statistically significant (Fig. 7B) . A similar pattern of ferritin expression was observed in Western blots using antibodies to ferritin H-and L-subunits (Fig. 7C) , which demonstrated relatively stable levels of H-subunit throughout the time course of cysteamine-induced duodenal ulceration.
(No L-ferritin subunit expression was detectable under these conditions.)
Cysteamine-induced duodenal ulcers in heterozygous (ϩ/b) and homozygous (b/b) Belgrade rats. As shown in Fig. 8, A and B Belgrade rats were present, they were mostly erosions or superficial ulcers, with limited mucosal necrosis and minimal acute inflammation. Surprisingly, cysteamine also induced ulceration in the gastric antrum of both heterozygous (ϩ/b) and homozygous (b/b) Belgrade rats, and the ulcers were more frequent and severe than in Sprague-Dawley rats (data not shown).
DISCUSSION
This study demonstrates several new aspects of the mechanism of cysteamine-induced duodenal ulceration that implicate iron and possibly dysregulation of iron homeostasis in this process. Namely, iron depletion induced by feeding an irondeficient diet or by deferoxamine administration markedly inhibited cysteamine-induced duodenal ulcers in association with a significant decrease in iron concentration in the proximal duodenal mucosa, whereas iron loading by pretreatment of rats with ferric gluconate or ferric or ferrous iron stimulated ulcerogenesis, which was associated with increased duodenal iron concentration. We demonstrated for the first time that histamine H2 receptor antagonist cimetidine decreased iron concentration in the duodenal mucosa and confirmed its ability to inhibit cysteamine-induced duodenal ulcers. Furthermore, cysteamine increased iron concentration in the duodenal mucosa in preulcerogenic stage but decreased serum iron concentration, without significant changes in iron concentration in the liver, stomach, jejunum, and kidney. The proximal duodenal iron concentration was highest compared with other organs of gastrointestinal tract; these findings suggest a mechanism whereby iron may mediate cysteamine-induced duodenal ulcer development and explain the organ specificity for duodenal ulceration. Administration of cysteamine, an aminothiol with a reducing function, led to increased mucosal IRP1 activation, Fig. 6 . Effect of the duodenal ulcerogen cysteamine on iron regulatory protein 1 (IRP1) activity and divalent metal transporter 1 (DMT1) and transferrin receptor 1 (TfR1) expression in rat duodenal mucosa during the early stages of duodenal ulcer development. A: IRP1-iron-responsive element (IRE) binding activity in the rat duodenal mucosa 6 and 12 h after treatment with cysteamine or saline. 2-Mercaptoethanol (ME, 2%) was added to protein samples to maximize IRE binding activity. The experiments were performed at least 5 times, and representative results are shown. B: RNase protection assay showing DMT1 and GAPDH mRNA expression in the duodenal mucosa 0.5, 2, and 12 h after treatment with cysteamine. C: DMT1 protein expression in rat duodenal mucosa was detected by Western blot at various times after cysteamine treatment. Samples from saline-treated rats were used as controls. D: TfR1 was detected by Western blot in rats treated with saline or cysteamine for various periods of time. The experiments were performed at least 4 times, and representative results are shown.
TfR1 expression, and expression of DMT1 (IRE form) mRNA and proteins. These increases in expression of iron transport proteins may be responsible for the elevated mucosal iron concentration observed in association with cysteamine treatment. In contrast, there was no significant effect on the expression of mucosal ferroportin and ferritin. The combination of increased mucosal iron and almost unchanged ferroportin and ferritin expression under these conditions may favor expansion of the intracellular labile iron pool, possibly leading to an associated increase in susceptibility to oxidative stress (Fig. 9) .
Iron is an important catalyst of oxidation-reduction reactions in the cell and is essential for life. However, excess iron is toxic as a result of iron-catalyzed generation of reactive oxygen species that induce damage to cell membranes, proteins, and DNA (28 (65) . Our recent studies demonstrated that pretreatment of rats with catalase significantly inhibited cysteamine-induced duodenal ulcers (34) . Previous studies have also demonstrated that increased iron accumulation in tissues can lead to organ damage and dysfunction. Iron-related erosive injury is associated with iron deposition in the mucosa of the upper gastrointestinal tract (26) . Dogs with elevated duodenal iron concentration in association with experimentally induced exocrine pancreatic insufficiency also develop duodenal mucosal injury (1) . In the present study, duodenal mucosal damage was preceded by an increase in the iron concentration in the duodenal mucosa during the preulcerogenic stage of cysteamine-induced mucosal injury, suggesting a role for iron in tissue-specific ulcerogenesis.
The amount of iron entering the body is controlled at the point of absorption in the proximal small intestine, and this process plays a critical role in body iron homeostasis (3) . Iron uptake by the proximal 4 -6 cm of the duodenum was several fold higher than by the proximal jejunum, stomach, and ileum (7, 22, 49, 69) . In mice, iron concentration in the duodenum was two times greater than in stomach, jejunum, ileum, or colon (37) . In the present study, we found that iron concentration in the proximal duodenal mucosa of normal rats was higher than in the jejunum, ileum, and colonic mucosa, which appears to be in parallel with the iron absorptive function in these organs. Iron absorption is affected by a wide range of systemic and local intestinal factors. Gastric acid secretion plays a major role in this process (52) by reducing ferric iron to the more readily absorbed ferrous form, and low hydrochloric acid secretion can lead to decreased absorption of ferric iron , middle) , and homozygous Belgrade rats (small ulcer, right) (hematoxylin and eosin staining). B: duodenal ulcer crater dimensions in the same groups of rats were measured in millimeters, and the ulcer areas were calculated using the ellipsoid formula. Size of duodenal ulcers is shown as mm 2 (means Ϯ SE, *P Ͻ 0.01).
(12). Previous work from our laboratory showed that cysteamine increases gastric acid secretion (21, 62) . In addition, the reducing action of cysteamine may promote the availability of ferrous iron for absorption by the duodenum. Both these properties may act to enhance iron uptake and contribute to the increased iron concentration in the duodenal mucosa that we observed after cysteamine administration. Thus we hypothesized that cysteamine administration might increase iron accumulation in the proximal duodenum, thereby promoting oxidative stress and duodenal mucosal damage that leads to ulceration. Iron uptake by the duodenal mucosa is regulated through the coordinated expression of iron transport and storage proteins such as DMT1, ferroportin, and ferritin. The increased mucosal iron concentration observed in cysteamine-treated rats would be expected to inhibit IRE/IRP interaction, decrease DMT1 (IRE form) and TfR1 expression, and increase ferritin synthesis. Instead, although cysteamine increased the uptake of iron in duodenal mucosa, DMT1 (IRE form) and TfR1 expression actually increased, and ferroportin and ferritin protein levels did not change significantly. The increased expression of DMT1 (IRE form) and TfR1 can be explained by the observed cysteamine-induced increase in IRP1 activation, which would stabilize DMT1 and TfR1 mRNAs, leading to increased iron uptake by the duodenal mucosa. The interaction of IRP1 with IRE-containing mRNA depends on the assembly/disassembly of a [4Fe-4S] cluster, which makes IRP1 a theoretical target for redox regulation (8) . Cysteamine might have the ability to enhance IRP1/IRE binding by modifying the 4Fe-4S cluster of IRP1 directly or through either induction of ischemia or H 2 O 2 production (44, 46, 66) . Thus cysteamine increases iron concentration in the duodenal mucosa and causes dysregulated expression of the iron transport proteins DMT1 and TfR1; this in turn could lead to a further increase in iron uptake by the proximal duodenum, thereby inducing oxidative stress and tissue damage. Oxidative damage in the small intestine, as Fig. 9 . Proposed role of iron in the pathogenesis of cysteamine-induced ulceration in the proximal duodenum of rats. Cysteamine may promote dysregulation of iron absorption by simultaneously increasing iron uptake by duodenal mucosal enterocytes and inhibiting transfer of mucosal iron to the systemic circulation. Cysteamine may enhance iron availability for uptake by duodenal enterocytes through 1) direct reduction of Fe 3ϩ to Fe 2ϩ , 2) increased gastric acid secretion following elevation of gastrin levels and inhibition of somatostatin, 3) decreased bicarbonate secretion, and 4) delayed gastric emptying. Within duodenal enterocytes (illustrated here by a composite drawing representing both villus enterocytes and crypt cells expressing TfR1), the reducing agent cysteamine activates IRP1, which normally would be inactivated by increased intracellular iron. Activation of IRP1 in turn would increase DMT1 (IRE) expression, which otherwise would be decreased in the presence of increased intracellular iron, and the increased DMT1 would lead to increased iron transport across the apical membrane, thus further expanding the labile iron pool. IRP1 activation also leads to translational inhibition of ferritin mRNA, which typically would otherwise be increased, and stabilization of TfR1 mRNA, which normally should be decreased, in the presence of increased intracellular iron. TfR1 may take up circulating transferrin-bound iron across the basolateral membrane of crypt cells, thereby also expanding the labile iron pool. Under the conditions of these experiments, however, ferritin protein levels were not affected, suggesting possible competing effects of increased IRP1 activation by cysteamine and increased labile iron pool levels. Although ferroportin 1 mRNA contains IRE or IRE-like moieties, suggesting the possibility of posttranscriptional regulation, the functionality of ferroportin IREs is unclear, and cysteamine administration did not change ferroportin levels. However, iron must be oxidized to Fe 3ϩ for transfer from the enterocyte to the systemic circulation, and the reducing effect of cysteamine may compete with this step, thereby decreasing iron transport across the basolateral membrane and favoring increased intracellular iron levels. Taken together, these processes may expand the labile iron pool and thereby potentiate oxidative stress, which in turn may trigger duodenal ulceration.
evidenced by lipid peroxidation and a rise in the antioxidant capacity of small intestinal secretions, recently has been demonstrated in humans after perfusion of the duodenum with ferrous gluconate (67) .
In summary, our results suggest a new role for iron in cysteamine-induced duodenal ulceration. Cysteamine seems to increase the availability of iron for absorption through induction of gastric acid secretion, which promotes reduction of dietary ferric iron to the ferrous form. In the present study, cysteamine administration also markedly increased the RNAbinding activity of mucosal IRP1. This may be attributable to disassembly of the 4Fe-4S cluster of IRP1 in a manner similar to the action of the structural analog of cysteamine, the sulfhydryl-reducing agent ␤-mercaptoethanol, which has been shown to activate IRP1 in vitro. The cysteamine-induced increase in expression of TfR1 and DMT1 may contribute to elevated iron uptake by the proximal duodenum. Finally, cysteamine may inhibit oxidation of mucosal iron, maintaining it in the ferrous state, thereby decreasing transfer of Fe ϩ3 across the basolateral membrane and further increasing the iron concentration in the duodenal epithelium. Thus this study demonstrates for the first time a possible role for iron in the mechanism of experimental duodenal ulceration. We also demonstrated for the first time that the histamine H2 receptor antagonist cimetidine decreased iron concentration in the proximal duodenum, which was associated with its antiulcer property. Our results demonstrate that pharmacological and dietary modulation of the duodenal mucosal iron level affects the severity of cysteamine-induced duodenal ulcers, essentially implicating iron in the pathogenesis of duodenal ulceration and providing the first mechanistic explanation for the localization of selective tissue injury after systemic administration of duodenal ulcerogens such as cysteamine.
